The effect of implanted carbon (C) on silicon (Si) self-diffusion has been investigated using pre-amorphized 28 Si/ nat Si multilayers. The isotope multilayers were pre-amorphized by Ge implantation followed by C implantation, and annealed at 950°C. Because of the presence of C, the Si selfdiffusion was slower in 30 min annealing than the self-diffusion without C. This was attributed to the trapping of Si self-interstitials by C. On the other hand, the Si self-diffusion with C was faster in 2 h annealing than the self-diffusion without C, except in the end-of-range (EOR) defect region. The cause of this enhanced diffusion was understood as the retardation of Ostwald ripening of EOR defects by C trapped at the defects. In the EOR defect region, however, Si self-diffusion was slower than the self-diffusion without C in both 30 min and 2 h annealing owing to the presence of C. Relaxation of the tensile strain associated with the EOR defects by the trapped C was proposed to be the main cause of the retarded diffusion in the EOR region.
Introduction
Codoping of carbon (C) in silicon (Si) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] is one of the most important methods for the formation of ultrashallow junctions because C reduces transient-enhanced diffusion (TED) by trapping Si self-interstitials (I's) generated by ion implantation. The mechanism of reducing TED has been studied by codoping C with boron (B) during crystal growth by molecular beam epitaxy (MBE), using B atoms as markers. 11, 12) The reduction mechanism is described by 11, 13) 
where C s and C i denote C in substitutional and interstitial sites, respectively. This reaction (1) means that two C atoms and one I form an immobile C s C i cluster. As a method of introducing C, in addition to C codoping during crystal growth, C co-implantation, which is often used in Si device processing because of its compatibility with conventional device processing, has been investigated. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] In our previous study, 4) Si self-, B and C diffusions were simultaneously observed using isotopically enriched 28 Si and natural Si ( nat Si) multilayers that were co-implanted with B and C, where the doses were too low to amorphize the sample but high enough to form immobile BI clusters. 14, 15) The results showed that B diffusion near the kink region was reduced owing to the slower dissolution of immobile BI clusters with higher C dose. On the other hand, Si selfdiffusion was enhanced with higher C dose. These results indicate that the reduction of B diffusion is not due to the I trapping by the formation of C s C i clusters, but due to the retardation of BI cluster dissolution by the presence of C, thereby decreasing the amount of mobile B. Moreover, the formation of CI clusters 3, 13) with excess I's induced by ion implantation prevents the formation of C s C i clusters. In contrast, the excess I's induced by ion implantation can be eliminated by pre-amorphizing implants (PAIs) because solid-phase epitaxial (SPE) regrowth of the amorphous region almost totally eliminates the damage in the regrown region. 8, 16) Therefore, the formation of CI clusters would be prevented by SPE regrowth by C implantation in pre-amorphized Si, and C atoms are embedded into the substitutional sites. Then the I trapping by the formation of C s C i clusters becomes effective for C implantation in the same way as for C doping during crystal growth. We have observed Si selfdiffusion in the presence of end-of-range (EOR) defects using 28 
Si= nat
Si multilayers that were amorphized by Ge implantation. 17) EOR defects are interstitial-type dislocation loops formed below the amorphous=crystalline (a=c) interface, and lattice expansion, that is, positive volume change of a Si crystal, due to EOR defects causes tensile strain. The tensile strain induced by EOR defects is estimated to be about 1 × 10 −2 from X-ray analysis. [18] [19] [20] In addition to the TED induced by EOR defects, we have found further enhancement of Si self-diffusion by the tensile strain associated with EOR defects in the defect region. 17) Cristiano et al. reported that the presence of C causes retardation of Ostwald ripening of EOR defects. 10) To the best of our knowledge, however, the influence of this retardation on diffusion in Si and on the behavior of I's has not yet been reported. In the present work, we observe Si self-diffusion in pre-amorphized 28 
Si=
nat Si multilayers that are implanted with C and Ge. The behavior of I's is directly investigated by examining the 30 Si self-diffusion. Using Si isotope multilayers, the effect of C on the behavior of I's is observed without any disturbance by other possibilities such as B trapping by EOR defects 21) and CI clustering. We investigate the effect of the presence of C in pre-amorphized Si on Ostwald ripening of EOR defects and on the enhancement of Si self-diffusion by the tensile strain originating from the EOR defects.
Experimental procedure
Isotope multilayers that were composed of the alternating layers of isotopically enriched 28 Si and natural Si ( at room temperature. The dose of C implantation was selected such that the C concentration resembles that in actual device structures. 25) Pre-amorphized Si isotope multilayers without C implantation were also prepared as a control sample.
The isotope multilayers were annealed at 950°C in a resistance furnace under an Ar (99.99%) atmosphere. The annealing temperature of 950°C was chosen in this study because the effect of EOR defects on Si self-diffusion was clearly observed at this temperature in our recent study.
17)
The observations by cross-sectional transmission electron microscopy (TEM) and plan-view scanning transmission electron microscopy (STEM) were performed with an acceleration voltage of 200 keV. Si self-diffusion was evaluated by observing the change in the Ge. Figure 1 shows the depth profile of 30 Si in the Si isotope multilayers before the implantation of Ge and C (as-grown) measured by SIMS. The nat Si= 28 Si periodic structure is schematically shown at the top of the figure. The actual interfaces between the nat Si and 28 Si layers are abrupt (the degree of intermixing is only two atomic layers) [22] [23] [24] and the smearing of the nat Si and 28 Si profiles is due to SIMS artifacts (knockon mixing, etc.). The periodic profile was perturbed after the implantation of Ge and C (after implantation), as shown in Fig. 1 , where the depth profiles of Ge and C are also presented. This perturbation of the profile is due to Si displacement induced by Ge implantation. 26) Because of the implantation, amorphization occurred between the surface and 175 nm in depth, while the deeper region (x > 175 nm) remained single crystalline, as was shown in Fig. 2 (a) of our previous study for the same implantation conditions. 17) Figures 2(a) and 2(b) show the cross-sectional TEM images of the samples annealed for 2 h with and without C implantation, respectively. EOR defects are formed just beneath the former a=c interface, i.e., at the depth of 175-225 nm, as was observed in our previous study. 17) No significant difference in the position of EOR defects was observed between the samples with and without C implantation. The result shows that the mean radius of the loops tends to become smaller owing to the presence of C. This tendency is consistent with the result, obtained by Cristiano et al., 10) that Ostwald ripening of EOR defects is retarded by the presence of C. Figure 4 shows the depth profiles of C in the samples with C implantation annealed at 950°C for 30 s, 30 min, and 2 h. The C profiles exhibit a peak at a depth of ∼200 nm, which indicates C trapping at EOR defects, and the C concentration of the peak increases with annealing time. In contrast, the C concentration at the implanted peak (∼40 nm) first decreases during the 30 min annealing but remains almost unchanged after the 30 min annealing. ) depth profiles are also presented. Solid lines represent the profiles of 30 Si and symbols those of Ge and C. The structure of isotope multilayers is schematically shown at the top of the figure. difference is seen between the two profiles. Figure 7 shows the ratio of the time-averaged self-diffusivity with C to that without C at the positions of each valley in the 30 Si profile of the isotope multilayers. The time-averaged Si self-diffusivities were derived from each 30 Si profile with and without C in Fig. 6(a) . A ratio smaller than unity means the retardation of Si self-diffusion by the presence of C with respect to that without C, while a ratio larger than unity means the enhancement. For 30 min annealing, Si selfdiffusion is retarded by 30-40% in the region shallower than EOR defects and by about 10% in the deeper region owing to the presence of C. This retardation is attributed to I trapping by the formation of C s C i clusters 11, 13) and is in accordance with expectations based on C implantation in preamorphized Si, where the formation of CI clusters will be prevented by SPE regrowth and C atoms are embedded into the substitutional sites. For 2 h annealing, in contrast, Si selfdiffusion is enhanced by the presence of C, except at the fifth 28 Si layer of multilayers. At the fifth 28 Si layer, whose region coincides with the position of EOR defects, Si self-diffusion is retarded for the cases of both 30 min and 2 h annealing by the presence of C.
Results

Discussion
EOR defects grow in size and reduce their density while the total number of Si self-interstitials stored in the loops remains constant upon annealing. This coarsening process, Ostwald ripening, reduces the efficiency of the defects as a source of I's that govern TED. 27) Our TEM results showed that the mean radius of the loops in samples with C is smaller than that in samples without C. This indicates that Ostwald ripening of EOR defects is retarded so that the I concentration is higher than that in the case without C. Therefore, Si self-diffusion is faster than that without C although C can reduce TED by trapping I's. This fast diffusion is more likely to be observed for longer annealing because the duration of Ostwald ripening of EOR defects is usually longer than that of the formation of C s C i clusters. As shown in Fig. 7 , Si self-diffusion is retarded in 30 min annealing while it is enhanced in 2 h annealing by the presence of C. In the case of 30 min annealing, the slowing down of self-diffusion owing to I trapping by the formation of C s C i clusters 11, 13 ) is more dominant than the speeding up of self-diffusion by the retardation of Ostwald ripening. On the other hand, for 2 h annealing, the fast diffusion occurs, where the effect of Ostwald ripening of EOR defects becomes more dominant than that of the formation of C s C i clusters, because the formation of C s C i clusters saturates during long-time annealing.
Si self-diffusion in the EOR defect region is enhanced by the tensile strain associated with EOR defects. 17) In the present study, the Si self-diffusion is retarded in both 30 min and 2 h annealing by the presence of C, as shown in Fig. 7 . In 30 s annealing, however, no significant difference is seen between the samples with and without C (not shown in the figure) . These results are attributable to the relaxation of the tensile strain by the C trapping at the EOR defects. As shown in Fig. 4 , C atoms trapped at EOR defects increase with annealing time, and hence, the tensile strain is reduced with time. Then the diffusion enhancement by the tensile strain is reduced with time. In addition, the diffusion enhancement by the tensile strain (×27 at t = 0) is significantly greater than that by the supersaturated I's from EOR defects (× ∼3). Therefore, Si self-diffusion in the EOR defect region is retarded in both 30 min and 2 h annealing by the presence of C, but no retardation is observed in 30 s annealing.
Recently, we developed a model where Si self-diffusion is enhanced by the tensile strain associated with EOR defects and that this enhancement is suppressed with increasing mean radius of EOR defects due to Ostwald ripening. 17 Si self-diffusion observed in the present study by taking into account the retardation of Ostwald ripening of EOR defects and the relaxation of the tensile strain at EOR defects by the presence of C. The present calculation includes TED by EOR defects and {311} clusters, and the enhancement of Si self-diffusion by the tensile strain associated with EOR defects, 17) and C diffusion and the formation of C s C i clusters discussed in Ref. 3 . C segregation at the surface is also taken into account to reproduce the significant reduction of C concentration near the surface (Fig. 4) . In order to take into account the effect of C at EOR defects on Si self-diffusion, we add C trapping at EOR defects to the diffusion models. C trapping at EOR defects is described by
where C trap is the concentration of C trapped at EOR defects. Here, K trap and K detrap represent the trapping and detrapping rates, respectively, and k trap is the maximum trapping rate. We assume that k trap has a Gaussian shape with the peak position A 1 and the width A 2 . C trapping is taken into account by adding (a) Eq. (2) Besides C trapping at EOR defects, the C profiles at the implanted peak (∼40 nm) are practically unchanged after the 30 min annealing. This is attributable to the formation of C precipitation at the C implanted peak. C atoms precipitate when the C concentration exceeds a certain critical value (8 × 10 19 cm −3 was used in the present calculation), as has been done for a high concentration of As in Si. 28) Using all the models mentioned above, diffusion equations are solved numerically using the partial differential equation solver ZOMBIE. 29) The SIMS profiles are well reproduced when k trap = 7 × 10 6 s profiles very well, except for the diffusion in the 28 Si layers near the surface for 2 h annealing being underestimated. In the calculation, the coarsening rate of Ostwald ripening K is decreased in order to take into account the retardation of Ostwald ripening of EOR defects. When the K value is reduced to 1=10 of the original value reported by Bonafos et al., 27) the 30 Si profiles for 30 s, 30 min, and 2 h annealing, except in the EOR defect region, are fitted well, and hence, the enhancement of Si self-diffusion owing to the retardation of Ostwald ripening of EOR defects is well reproduced. The fitting using the constant value of reduced K indicates that the reduction of K owing to C saturates at the C concentration of ∼10 18 cm −3 in the early stage of annealing. Concerning the relaxation of the tensile strain associated with EOR defects owing to the presence of C, the strain enhancement factor at t = 0, f In our previous study for the sample without C implantation, the enhanced Si self-diffusion owing to the tensile strain associated with EOR defects is well reproduced using the constant value of f st 0 ¼ 27 for all annealing times.
17) The decreasing f st 0 with time indicates that the tensile strain at EOR defects relaxes as more C is trapped at EOR defects. For 30 s annealing, however, the amount of C trapped in the EOR defect region is so small that little relaxation of the tensile strain occurs. The calculation above clarifies that C trapped at EOR defects (i) enhances Si self-diffusion owing to the retardation of Ostwald ripening of EOR defects and (ii) retards Si self-diffusion in the EOR defect region because of the local relaxation of the tensile strain.
As mentioned above, the diffusion of the first and second 28 Si layers in 2 h annealing was underestimated [see Fig. 5(a) ]. This underestimation is due to our assumption in the calculation that the surface is a perfect sink for I's and the I concentration at the surface is maintained at the thermal equilibrium value. Therefore, the underestimation of the Si self-diffusion suggests that the I near the surface region is supersaturated owing to C implantation. Note that the calculation using this assumption well reproduces the Si selfdiffusion without C implantation. 17) A possible origin of the I supersaturation near the surface region is the formation of dislocations by C implantation or the change in the surface condition owing to C, either of which would reduce the efficiency of the sink for I's.
Conclusion
The effect of C on Si self-diffusion was investigated using pre-amorphized 28 
Si=
nat Si multilayers that are implanted with C and Ge. After the implantation, the isotope multilayers were annealed at 950°C. Because of the presence of C, Si self-diffusion was retarded for 30 min annealing, which is attributed to the trapping of Si self-interstitials by C via the formation of C s C i clusters. In contrast, the diffusion was enhanced for 2 h annealing, except at the EOR defect region. This enhanced diffusion is explained by the retardation of Ostwald ripening of EOR defects because of C trapped at the defects, which, in turn, slows down the reduction of TED by the ripening. The effect of Ostwald ripening of EOR defects becomes more dominant than that of the formation of C s C i clusters because the formation of C s C i clusters saturates in long-time annealing. At the EOR defect region, on the other hand, Si self-diffusion was retarded for both 30 min and 2 h annealing by the presence of C. This is attributable to the relaxation of the tensile strain associated with EOR defects by the trapped C, which decreases the diffusion enhancement by tensile strain.
